Calcium and cyclic nucleotides are second messengers that regulate the development and functional activity of spermatozoa. Calcium/calmodulin-dependent phosphodiesterases (CaM-PDEs) are abundant in testicular cells and in mature spermatozoa and provide one means by which calcium regulates cellular cyclic nucleotide content. We examined the spatial and temporal expression profiles of three known CaM-PDE genes, PDE1A, PDE1B, and PDE1C, in the testis. In situ hybridization and immunofluorescent staining showed that both PDE1A and PDE1C are highly expressed but at different stages in developing germ cells. However, a very low hybridization signal of PDE1B exists uniformly throughout the seminiferous epithelium and the interstitium. More specifically, PDE1A mRNA is found in round to elongated spermatids, with protein expression in the tails of elongated and maturing spermatids. In contrast, PDE1C mRNA accumulates during early meiotic prophase and throughout meiotic and postmeiotic stages. Immunocytochemistry showed a diffuse, presumably cytosolic distribution of the expressed protein. The distinct spatial and temporal expression patterns of CaM-PDEs suggest important but different physiological roles for these CaM-PDEs in developing and mature spermatozoa.
INTRODUCTION
All known calcium/calmodulin-dependent phosphodiesterases (CaM-PDEs) are activated by the Ca 2ϩ /calmodulin (CaM) complex in vitro. There are three different CaM-PDE genes, PDE1A, PDE1B, and PDE1C [1] [2] [3] [4] [5] [6] . At least two of these genes may encode more than one alternative splice variant. At least seven splice variants of the PDE1A gene but only one product from the PDE1B gene have been reported [1] . The PDE1C gene encodes at least five differentially spliced products, PDE1C1-PDE1C5. These isoforms vary substantially in their substrate specificity and the degree of activation by CaM [7] . In addition, the expression patterns of several of these different CaM-PDEs are tissue and cell-type specific.
Cyclic nucleotides, such as cAMP, play important roles 1 Supported by National Institutes of Health grants HL60178, HL44948, and DK21723 (to J.A.B.). in spermatogenesis and spermatozoal function [8] . Together with Ca 2ϩ , cyclic nucleotides regulate such diverse and highly specialized spermatozoal functions as motility, metabolism, capacitation, and the acrosome reaction [8, 9] . For example, elevated cAMP stimulates motility, but micromolar levels of Ca 2ϩ inhibit motility in mammalian sperm [10, 11] . The synthesis and degradation of cAMP are potentially subject to Ca 2ϩ modulation via the activities of CaM-sensitive adenylyl cyclase and CaM-PDEs, respectively. Activation of CaM-PDEs could provide a mechanism by which Ca 2ϩ limits or opposes the effects of cAMP on sperm motility. CaM-PDE activity is prominent in testicular cells and epididymal spermatozoa. Two kinetically different CaM-PDE activities are developmentally regulated in mouse and rat germ cells [12] [13] [14] . In addition, a particulate CaM-PDE activity is associated with the head and tailpieces of rat caudal epididymal sperm. The PDE activity in the plasma membrane of bovine epididymal spermatozoa was also stimulated by added Ca 2ϩ and calmodulin [15] . These observations suggest that CaM-PDEs likely have important roles in spermatogenesis and in the maturation of spermatozoa that occurs in the epididymis. The subsequent preparations of sperm for fertilization, known collectively as capacitation, are mediated in part by cAMP and Ca 2ϩ and therefore may also be modulated by CaM-PDE activities.
CaM-PDE activity is one of the major PDE activities in immature and mature germ cells, although other families of PDE are also present. The observation that nonspecific PDE inhibitors (e.g., caffeine, theophylline, pentoxyphilline) may influence male reproduction has suggested to many investgators that CaM-PDEs play important roles in male reproduction [16, 17] . To understand the function of CaMPDEs in male reproduction, the nature of CaM-PDE expression during the spermatogenesis must be understood. Using RNA probes and antibodies selective for each of the cloned CaM-PDE subtypes (PDE1A, -1B, and -1C), we performed in situ hybridization and immunocytochemistry to determine the spatial and temporal expression profiles of these CaM-PDEs in mouse testis. The results indicate that distinct CaM-PDE genes are differentially expressed. Among them, PDE1A and PDE1C are the two major CaM-PDE genes most highly expressed in developing germ cells and the expression of each is tightly controlled to different stages of spermatogenesis.
MATERIALS AND METHODS

Riboprobe Templates
The riboprobe template used for detecting PDE1A mRNA or PDE1B mRNA was a mouse polymerase chain reaction (PCR) product generated by reverse transcription PCR from mouse brain RNA, which corresponds to bovine PDE1A2 sequences (nucleotides 320-887) [4] or PDE1B1 sequences (nucleotides 363-885) [18] , respectively. The riboprobe template for detecting PDE1C mRNA was con- structed from the PCR product corresponding to mouse PDE1C1 sequence (nucleotides 407-994) [7] . All PCR products were subcloned into the pCR II vector (Invitrogen, Carlsbad, CA).
Preparation of Riboprobes
The preparation of riboprobes was carried out according to a protocol described previously [7] . The hydrolysis of the probes was according to the formula published previously [19] .
Preparation of Testis Tissue Sections
For preparation of paraffin-embedded sections, adult male C57BL/6 mouse testes were cut into halves and fixed in 4% (w/v) paraformaldehyde (Sigma, St. Louis, MO) in PBS at 4ЊC overnight. The fixed testes were dehydrated with ethanol and embedded in paraffin. Paraffin-embedded sections of 5-m thickness were cut and collected on slides pretreated with poly-lysine (Sigma). For preparation of frozen sections, freshly frozen mouse testes were embedded into Tissue-Tek O.C.T. compound (Sakura, Torrence, CA) and then sectioned on a cryostat at 15 m per slice.
In Situ Hybridization
Sections were deparaffinized in xylene for 10 min and rehydrated through 100%, 95%, 80%, 60%, and 30% ethanol and H 2 O. Procedures for in situ hybridization were performed essentially as described previously [20] . Sections were fixed in 4% (w/v) paraformaldehyde, pretreated with 0.2 N hydrochloric acid, 2 mg/ml proteinase K, and 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8), followed by graded dehydration for 2 min each in 30%, 60%, 80%, 95%, and 100% ethanol. Before hybridization, each section was incubated with prehybridization buffer under parafilm coverslips in a humid chamber at 50ЊC for 2-6 h. The hy- bridization buffer contained: 50% deionized formamide, 10% dextran sulfate, 0.3 M NaCl, 1ϫ Denhardt solution, 10-100 mM dithiothreitol (DTT), 1 mM EDTA, 1 mg/ml yeast tRNA, 100 g/ml synthetic poly(A) RNA. The prolonged prehybridization significantly reduced the background without affecting the specific hybridization signal intensity. The sections were then briefly rinsed in 2ϫ standard saline citrate (SSC), dehydrated by ethanol, and air dried. When background was a problem, we added an excess amount of unlabeled thionylriboprobe (NEN) competitor to the hybridization and prehybridization solutions. This unlabeled thionylriboprobe was synthesized with nonradioactive (␣S)-UTP (NEN) using a pBluescript vector without an insert as template.
Hybridization was performed in the hybridization buffer containing 35 S-labeled antisense riboprobes (0.1-0.3 g ml Ϫ1 kb Ϫ1 ) at 50ЊC for 16-20 h in a humid chamber under glass coverslips sealed by rubber cement. After the hybridization, sections were washed twice with 2ϫ SSC, 10 mM DTT for 30 min each time at 55ЊC. To remove nonspecifically bound single-stranded probe, the sections were treated with a solution containing 20 mg/ml RNaseA, 100 U/ ml RNaseT1 (optional), 0.5 M NaCl, 10 mM Tris-HCl (pH 8), and 1 mM EDTA for 30 min at 37ЊC. The sections were further washed in 2ϫ SSC, 50% formamide, 10 mM DTT for 30 min at 55ЊC and in 0.1X SSC, 10 mM DTT for 30 min at 55ЊC. The sections were then dried by graded dehydration with 30-100% ethanol and then either coated with NTB2 emulsion (Kodak, Rochester, NY) and exposed 1-3 wk at 4ЊC or put directly on Cronex video imaging film (Dupont, Denver, CO) or X-OMAT-AR film (Kodak). The emulsion-coated slides were developed with Kodak D19 developer and fixed.
Nonspecific hybridization was determined by parallel incubation of adjacent sections with 35 S-labeled sense riboprobes. In some experiments, competition of antisense 35 Slabeled riboprobes was carried out by adding a 100-fold molar excess of unlabeled antisense probes to the prehybridization and hybridization mixture.
Staining and Photographing of Testis Sections
The emulsion-coated and developed slides were stained with Hoechst 33258 dye (Sigma) to allow identification of germ cell types and staging of tubules. The slides were stained in Hoechest 33258 dye at 2 g/ml for 2 min and washed in water for 2 min. The slides then were air dried at room temperature and baked for 30-60 min in a 42- Upper panel is for PDE1A, and lower panel is for PDE1C. The 12 cell associations or stages of the cycle of the seminiferous tubules are defined according to the morphologic development of the acrosome and the shape of the spermatids nuclei [21] . The staging parts of this figure are taken from Russell et al. [21] with permission.
55ЊC incubator. Finally, the slides were mounted using 0.5 g/ml Canada balsam (Sigma) and air dried for 2 days at room temperature. The stained nuclei showed a fluorescent blue color when viewed using epifluorescence optics. Silver grains were illuminated with dark-field optics using an orange filter with the light source. The silver grains appeared orange and contrasted well with the fluorescent blue nuclei.
Immunofluorescent Staining
Cryosections were fixed in 4% (w/v) paraformaldehyde/ PBS solution at room temperature for 15 min and washed four times with PBS. Paraffin-embedded sections were deparaffinized as described for in situ hybridization. The fixed or deparaffinized sections were routinely preincubated with the dilution buffer (5% goat serum, 1ϫ PBS, 0.1% Triton X-100) before staining by the primary PDE1A [21] or PDE1C antibodies (1:1000). The antibody recognizing PDE1C (␣-1C2-C) is a polyclonal antiserum raised against the C-terminal region (residues 498-768) of the PDE1C2 protein [1] [2] [3] [4] [5] [6] , which recognizes all known PDE1C isoforms. To prepare immunogens, glutathione-s-transferase (GST) fusion proteins of the C-terminal region of PDE1C2 were produced and used to immunize rabbits. Both the primary and secondary antibodies were diluted in dilution buffer. After extensive washing in PBS/0.1% Triton X-100 (four times for 10 min each), the tissues were further incubated with a biotinylated goat anti-rabbit secondary antibody (1: 200; Vector Laboratories, Burlingame, CA) and fluorescein isothiocyanate-conjugated streptavidin (Pierce Chemical; diluted to 5 g/ml in PBS) for 1 h each at room tempera-FIG. 5. Cellular localization of PDE1A protein in the adult mouse testis. Cryosections of frozen adult mouse testis were immunostained with the PDE1A-specific antibody (A-C). As negative controls, PDE1A antibody was preabsorbed with the antigen used to generate this antibody (D) or preabsorbed with the PDE1C antigen (E) or the cryosection was stained with preimmune serum (F).
ture. Propidium-iodine (10 g/ml) was used during washing to stain nuclei. The immunostaining signals were visualized under a confocal microscope (Bio-Rad 600). For competition experiments, purified GST-PDE1A and GST-PDE1C antigens (4 g/ml) were preincubated with the corresponding antibodies for 30 min at room temperature before immunostaining.
RESULTS
Differential Expression of Three PDE1 Genes in Mouse Testis
Using the in situ hybridization technique, we examined the distribution of mRNAs of three PDE1 genes (PDE1A, PDE1B, and PDE1C) in mouse testis. Each PDE1 gene shows a unique expression pattern (Fig. 1, A-C) . The probes for PDE1A and PDE1C generated strong hybridization signals exclusively in the seminiferous tubule (Fig. 1,  A and C) . Moreover, the intensity of signal varied among tubules, indicating that the expression of both genes in seminiferous tubules changes during spermatogenesis. No signal above the background level was detected in the interstitium. In contrast, a uniform and very low level of hybridization of the PDE1B probe was observed throughout the seminiferous epithelium and the interstitium (Fig. 1B) . Thus, further analysis of cellular expression patterns was only performed for PDE1A and PDE1C. Hybridization with sense probes was very low for all three probes (Fig. 1D) .
Cellular Distribution of PDE1A and PDE1C mRNAs in Mouse Testis
High magnification confirmed that the expression pattern of PDE1A and PDE1C varied in seminiferous tubules at different stages of the seminiferous cycle. The photographs in Figures 2 and 3 show tubules at different selected stages hybridized to PDE1A and PDE1C probes, respectively. Based on the criteria described by Russell et al. [21] , all stages of the seminiferous cycle were analyzed for localization of PDE1A and PDE1C mRNAs (Fig. 4) . Expression levels of PDE1A (Figs. 2 and 4) gradually increased in early round spermatids (stages I-VIII), reaching a maximum FIG. 6 . Cellular localization of PDE1C protein in the adult mouse testis. Paraffinembedded sections of adult mouse testis were immunostained with the PDE1C-specific antibody (A and C). As negative controls, PDE1C antibody was preabsorbed with the antigen used to generate this antibody (B and D).
in the round spermatids at stages VII and VIII. The high expression levels were maintained in the elongating spermatids (stages IX-XII). In elongated spermatids (stages I-VIII), the expression levels gradually decreased, having a minimum in step 16 spermatids at stages VII and VIII. No detectable signals were found in spermatocytes and spermatogonia. These results indicate that PDE1A is expressed in postmeiotic cells.
The expression pattern of PDE1C is wider and substantially different from that of PDE1A (Figs. 3 and 4) . Hybridization signals were found in pachytene spermatocytes, with the strongest signals from stage IX to stage XII. Moderate signals were found in round spermatids (stages I-VIII), low level of signals in elongating (stages IX-XII) and elongated spermatids (stages I-VII). No detectable signal was seen in the step 16 spermatids of stage VIII or on spermatogonia, which indicates that PDE1C is expressed in germ cells from early meiotic prophase through the meiotic and postmeiotic stages.
Cellular Distribution of PDE1A and PDE1C Proteins in Mouse Testis
To determine the exact sites where PDE1A and PDE1C proteins are produced, immunocytochemical staining of mouse testis sections with specific antibodies was performed. Immunofluorescent staining with a PDE1A-specific antibody [21] showed a positive immunoreactivity on tails of elongating and elongated spermatids (step 9 to step 16; Fig. 5, A-C) . The immunoreactive intensity gradually increased during spermiogenesis, reaching a maximum in step 15 and step 16 spermatids. No signal was detected when preimmune serum was used (Fig. 5F ) or when the antibody was preabsorbed with the antigen (Fig. 5D) . Conversely, signal was still present when the antibody was preabsorbed with PDE1C antigen (Fig. 5E ). These controls clearly demonstrated the specificity of the PDE1A signal.
Immunostaining with a PDE1C-specific antibody revealed a distribution pattern very similar to that of PDE1C mRNA localization. The positive immunoreactivity for PDE1C was found in the cytoplasm of pachytene spermatocytes, round (stages I-VIII), elongating (stages IX-XII), and elongated (stages I-VII) spermatids (Fig. 6 , A and C). No detectable signal was associated with the step 16 spermatids of stage VIII. However, there was positive signal on their residual bodies. Spermatogonia showed no immunoreactivity. No signal was detected when preimmune serum was used (data not shown) or when the antibody was preabsorbed with the antigen (Fig. 6, B and D) , confirming the specificity of the PDE1C signal.
DISCUSSION
The testicular expression of the three PDE1 genes is celltype specific. Particularly, the expression of PDE1A and PDE1C is regulated in a temporal and spatial manner during spermatogenesis and the seminiferous tubule cycle. This differential regulation suggests different functions for these PDE1 enzymes in germ cell development.
PDE1A and PDE1C are highly concentrated in testicular germ cells. This finding is consistent with previous findings that two kinetically different CaM-PDEs are present in mouse germ cells [14, 22] . One is a CaM-PDE with a high affinity for cGMP and a low affinity for cAMP, which is likely to be the PDE1A isozyme identified in this study. The other 68-to 70-kDa CaM-PDE, which was extensively characterized, exhibits high affinities for both cAMP and cGMP. Although these kinetic properties are characteristic of the PDE1C isozyme, two of the reported properties are not consistent with this interpretation. First, the purified testis PDE1C-like enzyme was proposed to have two distinct catalytic sites based on the observation that cAMP and cGMP act as noncompetitive inhibitors of each other. Second, the purified testis enzyme showed both high-and lowaffinity kinetic components for both cAMP and cGMP. Neither of these two properties has been observed in our studies of the expressed recombinant PDE1C [7] . These discrepancies could be due to the impurity of the testis enzyme preparation used in the early studies, at least some component of which may have a lower affinity for cAMP and cGMP. However, the present data suggest that at least part of the activity reported in the previous studies was due to the PDE1C visualized in the current study.
Mammalian spermatogenesis is a complex cellular differentiation that can be divided into three main phases: spermatogonia multiplication, meiosis, and spermiogenesis. During spermiogenesis, haploid spermatids undergo dramatic changes in both gene expression and cellular structure [23] . Midway in spermiogenesis, the nucleus starts to elongate and the chromatin begins to condense, concomitant with disappearance of nucleosomal structure and cessation of transcriptional activity [24] . However, protein synthesis continues. The protein synthesized during the terminal stages of spermiogenesis is derived from stored transcripts [24, 25] . Examples include the transition proteins and protamines [26] [27] [28] , which are transcribed initially in round spermatids and are stored in the cytoplasm for up to 1 wk before being translated. We found the mRNAs and proteins for both PDE1A and PDE1C genes present in transcriptionally inactive elongating and elongated spermatids (step 9-16 spermatids). Therefore, it seems likely that PDE1A and possibly PDE1C transcripts also are stored for translation at these late stages of spermiogenesis.
Several lines of experimental evidence indicate that mature sperm contain CaM-PDE activity. For example, a particulate CaM-PDE activity was found to be associated with the head of rat epididymal sperm [29] . In addition, added Ca 2ϩ and calmodulin could stimulate the PDE activity in the plasma membrane of bovine epididymal spermatozoa. Kinetic analysis of the activity revealed that both high-and low-substrate K m forms were present [15] . We recently identified a new PDE1A isoform (MMPDE1A7, GenBank accession AF159298) specifically expressed in mature mouse sperm (unpublished observations), which is kinetically similar to other PDE1A isoforms with a high affinity for cGMP and low affinity for cAMP.
Many cellular functions are regulated by mechanisms that control the levels of cyclic nucleotides. Cyclic nucleotides also play an important role in spermatozoal function, i.e., motility, metabolism, capacitation, and the acrosome reaction [30, 31] . The requirement for cAMP or cGMP in capacitation and the acrosome reaction in vitro varies among species but it seems very likely that the relative amounts of each cyclic nucleotide could control these processes [32] . The fact that PDE1A and PDE1C have different substrate specificities and are expressed during different stages of germ cell development provides the possibility for producing different cyclic nucleotide ratios in different stages of sperm development.
Our results show that PDE1A and PDE1C are expressed in testis with different cellular patterns. Because pharmacologic targeting of specific PDE isozymes is possible, it will be interesting to determine how these CaM-PDEs influence spermatogenesis and spermatozoal functions. Such studies could for example lead to the development of new agents for contraception or for the treatment of infertility.
